Turfgrass actual evapotranspiration (ET a ) measurements are critical for water management and irrigation scheduling. With no historical ET a measurements in eastern North Dakota, turfgrass ET a rates were measured with the residual method using eddy covariance instrumentation and two arrays of soil moisture sensors on unirrigated turfgrass under natural conditions in the 2011, 2012, and 2013 growing seasons. An on-site weather station provided weather data to calculate the standardized grass-based reference evapotranspiration (ET o ) (Allen et al., 2005) . The daily ET a /ET o ratios were screened using the criteria of soil moisture ³50% of available water for the top 30 cm of the root zone, rain amounts £10 mm, and a recovering period after drought. The screened monthly average ET a /ET o ratios for the unirrigated turfgrass were 1.03, 0.98, 0.94, 0.90, 0.82, and 1.18 from May to October. The mean ET a /ET o ratio for the entire growing seasons was 0.96, implying that the American Society of Civil Engineering-Environmental and Water Resource Institute ET o method was valid for guiding the turfgrass ET a calculation even in unirrigated and cold climate conditions. Because this is the first reported study on ET a measurement of a turfgrass site, the limited data can provide a baseline on water management for turfgrass under various weather conditions in this region. The results indicated that a monthly refinement of ET a /ET o values might be required to maintain the landscape turfgrass quality more precisely in terms of water management.
As the main component of terrestrial energy and water balance, evapotranspiration (ET) moves a large amount of water and energy in the form of latent heat flux from bare soil (evaporation) and vegetated surfaces (transpiration) into the atmosphere (Anderson et al., 2012; Bastiaanssen, 2000; Jensen and Allen, 2017) . Accurate ET estimates are essential for the management and allocation of water resources, but inaccurate or rough estimates of ET rates can lead to an incorrect distribution of water resources.
Due to the flat topography and the subhumid and harsh weather conditions of eastern North Dakota, mixed turfgrass cultivars are grown to keep the landscape green during the growing season. The majority of the turfgrass in residential areas and golf courses are grown under unirrigated and natural rainfed conditions. For irrigated turfgrass, because there are no ET data available to guide turfgrass water management in this region, irrigation is frequently based on days since the last rain event or the condition of the turfgrass.
Actual evapotranspiration (ET a ) can be estimated through direct ET a measurement using eddy covariance (EC) (Niaghi et al., 2017; Tanner and Greene, 1989) , lysimeters (Allen and Fisher, 1990; Howell et al., 1995; Niaghi et al., 2015) , and the Bowen ratio (Irmak et al., 2014; Payero et al., 2003) . Among these methods, the EC system has become widely used in ET a measurement due to its more precise and accurate sensors and its ability to quantify energy balance components separately. In the last 10 yr, the EC method has been widely accepted as a standard method to estimate ET a rates and was successfully Core Ideas • Soil moisture is needed in defining well-watered turfgrass condition in evapotranspiration measurement. • Deep soil moisture supports turfgrass growth when surface soil moisture is not sufficient. • The ET a can be estimated from 0.96 ET o using the ASCE-EWRI standardized method for well-watered turfgrass. • The ASCE-EWRI standardized reference ET equation can be used for water management of turfgrass in northern cool climates and during drought periods.
used overseas (Li et al., 2008; Zhou et al., 2014) and in the United States (Castellví and Snyder, 2010; Jia et al., 2009; Sumner, 2001) , including North Dakota (Niaghi et al., 2017; Rijal et al., 2012) . The concept of EC is to measure the statistical covariance (correlation) between the vertical vapor or sensible heat fluxes within upward or downward legs of turbulent eddies. This can be done by measuring the temperature, wind speed, and vapor pressure with high-speed and quick-response sensors at a frequency of 10 Hz (Allen et al., 2011) . Since Tanner et al. (1993) described the initial use of an EC system, there have been many instrumentation improvements (Allen et al., 2011; Baldocchi, 2003) . Aside from the efforts to maintain and process the EC data, the EC method provides more spatial constancy and less site disturbance and allows better temporal resolution compared with the lysimeter method (Sumner, 2001) . Lack of closure of the energy balance is a common problem in EC measurements (Shi et al., 2008) . In general, the error in EC closure ranges between 10 and 30% in agricultural fields (Foken, 2008) . However, findings from the literature show that there is no universal method to close the energy balance (Imukova et al., 2016) . The standardized reference evapotranspiration (ET o ) method by the American Society of Civil Engineers-Environmental and Water Resources Institute (ASCE-EWRI) (Allen et al., 2005) has been shown to provide an accurate estimation for grass as a reference crop. The ASCE-EWRI method has been widely accepted worldwide (Anapalli et al., 2018; Jia et al., 2013; Majnooni-Heris et al., 2013; Niaghi et al., 2017 ) but has not been tested in North Dakota. The ratio between the ET a and the ET o may provide insights to guide the water management of irrigated turfgrass in northern cool climates and during drought periods when measured ET a values are not available.
The overall objective of this study was to improve our knowledge of unirrigated turfgrass under natural conditions. Specific objectives were (i) to quantify daily actual evapotranspiration rates and other energy fluxes measured by EC, (ii) to estimate the monthly ratio of measured ET a to ET o obtained from the standardized reference ASCE-EWRI method, (iii) to evaluate the turfgrass ET o under various weather conditions (dry, normal, and wet years), and (iv) to evaluate the performance of ASCE-EWRI standardized reference grass ET o method for the Northern climate during the growing season (May-October) in the years 2011, 2012, and 2013. 6 
Materials and Methods

Study Area and Climate
The experiment was conducted at the North Dakota Agricultural Weather Network (NDAWN) site in Cass County (46°53¢49.2² N, 96°48¢43.2² W; 275 m asl) located near North Dakota State University in Fargo ( Fig. 1 ). Field data were collected from 2011 to 2013 on an unirrigated turfgrass site. Only the data during the growing seasons in May to October were used in this paper. The site is located in a subhumid continental climate zone (mean temperature May-October, 17.3°C). The cumulative rainfall amounts and distribution of rain events were different in each growing season (May-October), with 411, 215, and 598 mm in 2011, 2012, and 2013, respectively (average annual precipitation, 500 mm) (NDAWN, 2018). The average water table was relatively shallow. From April to mid-May, it was near the soil surface. No irrigation was applied to the turfgrass site. The dominant soil in the study area is a Fargo silty clay loam (a fine, montmorillonitic, frigid Vertic Haplaquoll) (NRCS, 2018) , with a measured bulk density of 1.09 g cm −3 and an available water holding capacity of 0.234 cm cm −1 for the top 30-cm layer. Saturated water content was calculated from the soil bulk density assuming a particle density of 2.65 g cm −3 for mineral soil. Soil water content (SWC) at field capacity (FC) was obtained from Goos and Fairlie (1988) , and SWC at permanent wilting point (PWP) was measured using the WP4 Dewpoint Potentiometer (Roy et al., 2018) . The average water content over the two depths (15 and 30 cm) for saturation point, FC, and PWP was 0.59, 0.454, and 0.22 cm 3 cm −3 , respectively. The soil properties are shown in Table 1 .
Mixed turfgrass was established on the NDAWN site in 1990, has been grown continuously since then, and was mowed frequently during the study period to maintain a height of ?12 cm. The planted turfgrass is categorized as Kentucky bluegrass (Poa pratensis L.), Park cultivar. Kentucky bluegrass is the most adaptable cold hardy, cool-season grass species for home lawns. It has great restoration and competitive capacity and repairs itself in a week after severe conditions (Smith and Herman, 2009) . Kentucky bluegrass has many cultivars that are based on drought and water scarcity tolerance. The Park cultivar is very drought tolerant and low maintenance. Although hundreds of new cultivars are available today, Park is still considered a benchmark for drought tolerance (Deying Li, personal communication, 2018) . Also, there is a significant amount of quackgrass (Agropyron repens L.) in the stand, making the mixture even more drought tolerant.
Field Measurements
The EC system (Campbell Scientific) was mounted on a tripod at the research site and was in operation from October 2010 until April 2014. The fetch distance for the measurements was estimated for the height of the instrument above the grass canopy. The EC system was installed 1.5 m above the turfgrass surface, facing the northwest prevailing wind direction (Campbell and Norman, 1998) (Fig. 1) .
Instrumentation used in this study and the variables measured are listed in Table 2 . The energy balance components and primary meteorological variables were measured using the EC system during the study period. A CR3000 datalogger (Campbell Scientific, Inc.) recorded and stored the data from the sensors. The wind speed, temperature, and relative humidity data sampling frequency was 10 Hz. All data were stored as 30-min averages.
A CSAT3 sonic anemometer was used to estimate sensible heat f lux (H) through the use of three-dimensional sonic anemometer measurements along with virtual air temperature.
The H values were calculated from the covariance between the vertical wind speeds and air temperature. Also, the KH20 hygrometer measured the vapor density fluctuation to quantify latent heat flux (LE).
The SWC values were measured at the EC system location using calibrated Hydra Probe II sensors (Stevens Water Monitoring Systems Inc.) at depths of 15, 30, 45, 60, 75, and 90 cm, with an accuracy of ±3% for heavy clay soils (Burns et al., 2014; Ojo et al., 2015) . The Hydra Probe II soil moisture data were used to monitor the soil profile moisture status and for screening the days with well-watered conditions during turfgrass ET a measurements. Rain events and amounts were measured using an automated tipping bucket rain gauge along with a manual rain gauge, both with an accuracy of 0.25 mm. The SWC values near the surface soil at 15 and 30 cm were chosen to determine the soil moisture status for the turfgrass in the root zone.
Energy Flux Calculation
The net radiation (R n ) at the canopy surface should be the sum of H, LE, and soil heat flux (G). When using the EC for LE measurement, however, the energy was not balanced. Twin et al. (2000) found a 10 to 30% closure error for the EC system over grassland. To make the energy balance or to close the energy budget, they recommended using the residual method or the Bowen ratio method. Payero and Irmak (2013) Bowen ratio method to close the energy balance. Chávez et al. (2009) found that the residual and Bowen ratio methods have similar results. Due to a malfunction of the KH20 hygrometer, the LE was estimated by the residual method. Therefore, the LE values were estimated using
where LE is the latent heat flux (W m −2 ), R n is net radiation (W m −2 ), H is sensible heat flux (W m −2 ), and G is soil heat flux (W m −2 ). Power units are typically integrated over daily, hourly, or 30-min time frames to obtain energy values.
Calculation of Sensible Heat Flux
The H was calculated as (Jia et al., 2009; Rijal et al., 2012) 
where r is the density of air (range, 1.09-1.39 g m −3 ), C p is the specific heat of air (1004.67 J/[g °C]), T¢ is the fluctuation of air temperature (°C), and w¢ is the fluctuation of vertical wind speed (m s −1 ). The measured wind speed and sound velocity in three orthogonal directions by the sonic anemometer provided more refined direction of the collected data with the natural coordinate systems (Sumner, 2001 ). These measured components in three directions depend on air density, atmospheric pressure, vapor pressure, and absolute air temperature. In practice, the sonic anemometer computes the sonic temperature, and for H estimation, the sonic temperature was corrected for the difference between sonic and actual air temperature. The wind vectors (u, v, w) formed in the three coordinate directions (x, y, z), with direction z initially oriented with respect to gravity and the other two directions were arbitrary. The measured wind speed in terms of orientation should be mathematically rotated to the natural coordinate system (summer, 2001) . These rotations force v and w to equal zero, and thus u is pointed directly into the airstream as previously described (Sumner, 2001 ).
Calculation of Soil Heat Flux
Soil heat flux at the soil surface was measured with soil heat flux plates at a fixed depth of 8 cm (Jensen and Allen, 2017) to ensure that the sensors were located below the zone of soil water vaporization. Due to strong thermal gradients near the soil surface during the late morning and early evening, two soil temperature sensors were placed above each soil heat flux plate at depths of 2 and 6 cm. The soil heat flux at the soil surface was the sum of the measured G at 8 cm depth and the stored energy above the soil heat plate. The measured G was calculated from the average values of two soil heat flux plates to decrease the impact of spatial variation. The storage energy was then corrected using the change in soil temperature over time and the soil thermal properties. The G calculation was plate s plate
where G plate (W m −2 ) is the measured G by the soil heat flux plate at depth Z plate (0.08 m) beneath the soil surface, DT is the change in soil temperature (°C) at 2 and 6 cm over the time, t is the time interval between the measurements (s) (1800 s at depth Z plate ), and C s is the heat capacity of moist soil (J/[m 3 °C]), which is calculated using the soil water content and other soil properties:
where r b is bulk density (1.09 g cm −3 from Table 1) , c d is heat capacity calculated for the study area soil (786.4 J/[kg °C]) (Prunty and Bell, 2005) , q v is soil volumetric moisture content (cm 3 cm −3 ), r w is the density of water (assumed constant at 1000 kg m −3 ), and c w is heat capacity of water (4190 J/[kg °C]). From 12 May through 12 July 2012 (62 d), the soil heat flux plate and soil temperature sensors stopped working, and no record was available for measured soil heat flux. Therefore, as recommended by Jensen and Allen (2017) for clipped grass, 10% of the daily R n was used to estimate the missing G values.
The 30-min LE values (W m −2 ) were used to calculate the 30-min ET a (mm/30-min) during the daytime when the R n became positive, mainly between 8:00 AM and 8:00 PM (Campbell and Norman, 1998) :
where 1800 is a time conversion from seconds to half-hours, and l LE is the latent heat of vaporization, which varies with the air temperature (T a ) as
Reference Evapotranspiration
The daily ET o values were calculated from the ASCE-EWRI standardized equation (Allen et al., 2005) using data from the Fargo NDAWN weather station, located 100 m from the EC system:
where R n and G are net radiation and soil heat flux in MJ m −2 ; D is the slope of the saturation vapor pressure curve (kPa/°C); g is the psychrometric constant (kPa/°C) calculated as a function of atmospheric pressure (P); T mean is the mean of air temperature (°C); e s and e a are the saturation and actual vapor pressure (kPa) calculated for daily time steps using measured relative humidity and maximum and minimum air temperature, respectively; and u 2 (m s −1 ) is the wind velocity at 2-m height. The calculation for the parameters in Eq.
[10] followed the detailed procedures in the ASCE-EWRI method (Allen et al., 2005) .
6 Results and Discussion
Climate
The average monthly air and soil temperatures, wind speed, incoming solar radiation, and precipitation amounts from daily data obtained from the Fargo NDAWN station are listed for each year in Table 3 .
The highest monthly rainfall typically occurs in May and June. In 2013, the highest rainfall amounts of 141 and 200 mm occurred in May and June, respectively. In 2011 and 2013, several large rain events occurred, with the highest rainfall amounts recorded on 21 June 2011 (47 mm) and 25 June 2013 (77 mm). The cumulative rainfall amounts and the distribution of rain events were different in each growing season (May-October), with 411, 215, and 598 mm in 2011, 2012, and 2013, respectively. The 30-yr normal rainfall amount based on NDAWN records is ?450 mm. Thus, according to the weather of the study years, 2011 was categorized as a normal year; 2012, with less than half of the average rainfall amount, was categorized as a dry year; and 2013, with ?50% more rainfall than average, was a relatively wet year.
The amount and distribution of daily rainfall amounts and the average SWC at depths of 15, 30, 45, 60, 75, and 90 cm during the three study years are shown in Fig. 2 .
For the 2011 growing season, rain events occurred more frequently and with a higher magnitude from May to August during the high-water demand period of turfgrass. In 2012, the largest daily rainfall amount of 25 mm occurred in late May. In 2012, the turfgrass experienced severe stress in terms of insufficient water availability.
During the grass growth period between July and September of 2012 and 2013, a small amount of rain was observed, and the SWC in the root zone approached the PWP. However, after a couple of rain events in late August 2013, the SWC increased to an acceptable range, and the grass turned green again.
In comparison with the 2012 and 2013 study years, 2011 had better average SWC (0.53 m 3 m −3 ) up to the mid-growing season (Fig. 2) . Because of frequent rain events, the saturated zone (59% SWC) fluctuated between the 75-and 90-cm depth. The available soil water content for the turfgrass was above the FC line until the mid-growing season, when no water-related stress was observed. The average SWC in 2011 for the 60-, 75-, and 90-cm soil layers was 0.47, 0.57, and 0.57 m 3 m −3 , respectively. In 2012, the soil moisture down to 60 cm was <50% available water content (AWC) for most of the growing season, indicating that there was insufficient water in the assumed root zone (30 cm) for plant uptake. The study area has a Fargo silty clay loam with a very high rate of shrinkage during dry periods. Due to the shrinking of the soil at low SWC, surface cracks formed, which potentially generated air pockets with a very low dielectric constant that caused the underestimation of SWC by the soil water sensors, which is in agreement with observations reported by Ojo et al. (2015) . Despite low accessible water for turfgrass at shallow depths, water from the deeper soil layers could have supported grass growth due to capillary action (Carrow, 1995) . Because the study area was planted around 1990, the grass has experienced several drying and wetting cycles. Harivandi et al. (2009) reported that the approximate root depth under normal conditions was up to 1 and 2 m for cool and warm season turfgrass, respectively. The depth in drought and deficit water conditions can be deeper than that under normal growing conditions, and turfgrass can survive by obtaining available moisture from deeper zones. The root depth was likely deeper than the assumed 30 cm; thus, it had the capability to obtain the deeper moisture in the soil. Therefore, due to the soil shrinkage and cracking in drought conditions and a deeper root zone than assumed, the soil moisture sensors at 60, 75, and 90 cm were used to measure the SWC at a deeper soil layers. The average SWC in 2012 for 60, 75, and 90 cm of soil layers was 0.34, 0.45, and 0.51 m 3 m −3 , respectively, which could overcome the water deficiency.
During the 2013 growing season, the rain events were larger but less frequent than in 2011. During the period of high water demand from July to August 2013, the average SWC was low (0.28 m 3 m −3 ) because of insufficient rainfall events and amounts. Even though the soil was dry in the top 30 cm, the capillary rise from the deeper soils and the development of the root zone may have provided additional water to the grass, preventing it from going into the dormant stage. During drought conditions, the average SWCs at depths of 60, 75, and 90 cm were 0.33, 0.51, and 0.54 m 3 m −3 , respectively.
According to Younger et al. (1981) , the SWC at the beginning of the growing season affects turfgrass growth. During the study period, the SWC was greater than the FC (0.45 cm 3 cm −3 ) at the deeper soil layer (75 and 90 cm) in 2011 and 2013 (Fig. 2) , which contributed to turfgrass growth during drought periods, such as August and September 2013. The mixed turfgrass exhibited high drought tolerance by developing a deep, extensive, and viable root system (Carrow, 1995) . The turfgrass survived by going dormant during the drought period, but its crown remained alive and regrew when adequate water became available, similar to what Hanson and Juska (1969) had indicated.
Energy Fluxes and Evapotranspiration
The daily average daytime R n , LE, H, and G values for the study period are shown in Fig. 3 . All energy fluxes showed high day-to-day variability, mainly due to changes in weather conditions and SWC. The daily R n values above the canopy varied from 18 to 537 W m −2 , with an average of 254 W m −2 ; the H was between −25 and 269 W m −2 , and the smallest energy component G ranged from −22 to 67 W m −2 . The LE values were correlated to the R n trend, representing the relationship between the ET to net received energy. This relationship was also presented in Jia et al. (2009) , who observed the highest values of LE and the R n during the spring and summer and lower values in winter for a turfgrass site in Florida. The LE values were lower at the beginning of the growing season except for 2013, which illustrated a high evaporation rate due to water availability. Most of the available energy was partitioned to H rather than LE late in the 2011 growing season and throughout the 2012 growing season due to the soil water deficit.
Due to the drought condition in 2012, 31% of R n was partitioned to H, whereas in 2011 and 2013, 19 and 6% of the R n were partitioned into H, respectively. The highest measured H/R n ratios were 28% in September 2011, 39% in September 2012, and 12% in August 2013. The minimum H/R n ratio was measured during the peak growth period, with 13% in June 2011, 25% in June and July 2012, and 6% in June 2013. The higher H/R n ratio indicated a greater heat energy transfer and larger temperature difference between the surface and the atmosphere. Due to frequent rain events in 2011 and 2013, the SWC in soil was high; therefore, large amounts of R n were partitioned to LE, yielding 73 and 83% of LE/R n in 2011 and 2013, respectively. In 2012, the amount of R n partitioned to LE did not exceed 67%, whereas the average partitioned LE was 62% of total R n , which was ?16% less than that in the other 2 yr.
In all of the study years, during the time when H was negative, the LE was close to exceeding R n (Fig. 3) . This represents the presence of advection from the surrounding areas due to horizontal movement of wind, similar to what has been reported by Payero and Irmak (2013) in Nebraska. High transpiration and evaporation rates were the main reasons for the LE excess during the days with or after heavy rain. The LE values came close or even exceeded the R n values in 2013 after several heavy rain events. Overall, the results are in agreement with the conclusion by Li et al. (2008) , where the period that had the highest crop ET a also had the highest total available energy to increase ET a .
Average monthly daytime energy fluxes and the average daily ET a values are summarized in Table 4 . The maximum and the minimum R n values were found in July and October, respectively.
Similarly, the LE values were at the maximum level in July due to the high SWC and at the minimum level in October due to low air temperature. For the 3 yr, the highest cumulative ET a was found in 2013, which was a wet year due to the high rain amounts and relative humidity, and the lowest ET a was observed in 2012, a dry year. The cumulative ET a for 2011, a normal year, was more than that in 2012 but less than that in 2013. The ET a rates showed similar seasonal patterns as the rainfall: higher from May to August in 2011 due to sufficient water supply for grass growth. In the winter of 2010 and spring of 2011, a record high snowfall and sequential spring flood caused by snowmelt runoff water provided sufficient moisture in the root zone that also helped the grass growth. Regarding the 2011 climate variables, more energy in terms of R n was received, and the average air temperature was about 2°C higher than that in other study years. Therefore, the high availability of the energy and water in the soil along with higher average wind speed rate enhanced the measured ET a values.
Actual to Reference Evapotranspiration Ratio
Daily rainfall amounts, calculated ET o , measured ET a , and the ratio of ET a /ET o from May to October for the three study Fig. 4 . To represent the well-water turfgrass growth condition during the study period, days with sufficient soil moisture (>50% AWC) in the root zone were selected for the ET a /ET o analysis. During raining days, water might affect the EC instrument performance; therefore, the days with rainfall >10 mm were also excluded. After the turfgrass experienced a prolonged drought stress period, a post-stress recovery period of 6 d (t > 6) was considered in the ET a /ET o calculation even though the SWC was >50% AWC in the root zone due to rainfall events. The screened days with SWC >50% AWC, rainfall <10 mm, and a 6-d recovery period were selected to obtain the ET a /ET o ratio, which are shown as shaded areas in Fig. 4 . The seasonal ET o and ET a for the three study years showed similar trends with the difference in daily values. In 2011, most parts of the growing season had sufficient water in the root zone to enhance the ET a rate, and the number of screened days was greater than in other study years. The ET a /ET o ratio was impossible to determine in 2012 because the available water was <50% for the entire growing season, and there were no days to satisfy the defined screening criteria (SWC >50% AWC, rain <10 mm, and recovery period of 6 d). The 2013 growing season had slightly higher average air temperatures compared with 2011 and a lower rate of received solar radiation but higher amounts of rain amount, which led to higher measured LE and ET a values than 2011 and 2012 study years. Due to frequent rain events in June, sufficient water was available to enhance ET a . The ET a /ET o ratio was reduced from August to September due to a reduction in soil moisture. From the middle of September to the end of the growing season, several rain events occurred, enabling a grass recovery period for ET a /ET o calculation. Table 5 shows the monthly and average of daily measured ET a and calculated ET o values for each month of the study years. The total number of days used to calculate the ET a /ET o ratio was based on the criteria of SWC >50% AWC, rainfall <10 mm, and considering 6 d for recovery after heavy rain events. Only the days that satisfied the mentioned criteria were used to calculate the optimum ET a /ET o ratio for each day, and the results are reported as a monthly average for each month of the study years.
The bimonthly ET a /ET o ratios for the 3 yr with and without the screening are shown in Fig. 5 . A strong relationship between the ET a /ET o ratio and the available SWC can be easily explained. The "not screened" bimonthly ET a /ET o ratio was low when the soil water status, rainfall, and recovery period were not considered. However, after applying the SWC, rainfall, and recovery period criteria, the daily ET a /ET o ratio used for the bimonthly ET a /ET o ratio calculation stayed the same, but the number of days used for ET a /ET o ratio calculation was reduced, and only those days with well-water conditions remained. Therefore, the screened ET a /ET o ratios increased due to the change of SWC conditions.
The impact of plant stress and SWC during the 2012 growing season decreased the calculated ET a /ET o values because the available soil water was not able to meet the plant water consumption. Due to insufficient SWC for grass growth (Fig. 2) , the daily ET a /ET o ratio in 2012 was lower than that for the other two study years. Harivandi et al. (2009) reported the minimal rate for cool-and warm-season grass to survive as 0.2 and 0.4, respectively, which confirmed that the turfgrass in the current study would not die because of the drought stress condition. The minimal ET a /ET o ratio of 0.23 in 2012 showed that the grass survived by using the upward flux water from deeper soil zones.
Water table depth affected the groundwater table contribution to ET. For example, Zhu et al. (2017) found that upward flux contributed 58, 47, and 69% of the total ET for dry, normal, and wet seasons, respectively. Kolars (2016) showed that the upward flux ranged from 0 to 7.5 mm d -1 during the growing season due to shallow groundwater for a similar soil. Therefore, turfgrass may use water in deeper soil layers to satisfy water requirements during a drought situation. The ET a /ET o ratio for 2013 follows the trend in 2011, with a lower ratio by the end of August. A large rain event in September 2013 supported the grass water requirement; thus, the measured ET a increased and showed a higher ET a /ET o ratio than during any other month of the growing season. Overall, for the chosen days based on 50% AWC, 2011 and 2013 had similar ET a /ET o ratios, which suggests that the turfgrass experienced similar conditions for both a normal and wet year during the growing season and had sufficient water for evapotranspiration.
The average ET a /ET o ratios for 2011, 2012, and 2013 with all measured data were 0.91, 0.62, and 0.98, respectively. After excluding the 50% AWC, the rainy days, and the recovery period after drought, the ET a /ET o ratios were 0.91 and 1.01 for 2011 and 2013, respectively, and there were no days left in 2012 for the calculation. The average screened ET a /ET o ratios on a monthly basis using the acceptable data were 1.03, 0.98, 0.94, 0.90, 0.82, and 1.18 from May to October.
Because the ASCE-EWRI ET o method was developed with one of the primary reference crops as clipped grass on wellwatered and ideal conditions, it was expected that the ET o would be higher than the actual field-measured ET a unless the field was comparable with favorable reference crop growing conditions. Based on the result obtained from the EC method and considering the SWC, the average ET a /ET o ratio of 0.96 can be recommended as a general value to estimate ET a in eastern North Dakota under nonstressed conditions. In Nebraska, Kopec et al. (1988) observed a measured ET a /ET o ratio of 0.80 for moderately moisture-stressed turfgrass. In California, Meyer and Gilbeault (1987) reported 0.85 as the mean ET a /ET o value for cool-season turfgrass. A review of grass ET a and ET o by Romero and Dukes (2016) revealed that the ET a /ET o value for stressed turfgrasses ranged from 0.79 to 0.82. In a similar study, Harivandi et al. (2009) reported that the ET a /ET o ratio for an optimally performing cool-season turfgrass was 0.8 for irrigation purposes. The average ET a /ET o value obtained in this study by including turfgrass ET a measurements during normal, dry, and wet years under unirrigated conditions was 0.96 (Table  5 ). Therefore, this value can be recommended to represent trufgrass water requirement under a well-watered ideal condition for the region. For water conservation purposes, drought-tolerant turfgrass cultivars would be highly recommended, and over the growing season, adjustment of the ET a /ET o ratio for continual green turfgrass should be considered for maintenance purposes.
Conclusion
During the 2011, 2012, and 2013 growing seasons, an EC system and two sets of soil moisture sensors were used to measure the actual evapotranspiration rates on a mixed turfgrass field in eastern North Dakota. Meteorological data from the Fargo NDAWN site were used to calculate the grass-based reference ET rates using the standardized ASCE-EWRI method. Due to high variability in the precipitation amounts (411, 215, and 598 mm in 2011, 2012, and 2013, respectively) , the turfgrass ET measurements were also different. The latent heat flux that is equivalent to turfgrass ET comprised 73, 62, and 83% of net radiation in 2011, 2012, and 2013, respectively. The mean ET a /ET o ratio was estimated to be 0.96 using screened daily data from all 3 yr when the soil had >50% of the available water (50% AWC) in the root zone, £10 mm of rainfall, and a 6-d recovery period after drought. For unirrigated and natural conditions, the soil moisture sensors can be useful for turfgrass stress detection and for selecting well-watered and ideal turfgrass growing conditions for reference evapotranspiration measurements.
The ASCE-EWRI grass-based reference ET can be used to estimate turfgrass ET even in cold and subhumid climate conditions and can be used for water management of turfgrass in northern climates. Because this is the first reported study on turfgrass ET a measurement in this area, the results can provide a baseline on turfgrass water management under various weather conditions. This study also verified that the standardized ET o equation can be applied in eastern North Dakota to guide crop water management.
